: Killer-cell immunoglobulin-like receptor genes linkage disequilibrium analysis in population of Vol 47, No. 2,[439][440][441][442][443][444][445][446][447][448][449][450] Killer Immunoglobulin-like Receptors (KIRs) form a group of regulatory molecules that modulate cytolytic activity of natural killer cells and T cells through interaction with specific human leukocyte antigen (HLA) molecules on target cells. KIRs are encoded by the family of 16 homologous genes that vary substantially between haplotypes and display sequence polymorphism with allelic variation that also contributes to diversity within the complex. The aim of the study is to estimate two locus linkage disequilibrium for 16 KIR loci. In this study, we report the evaluation of KIR gene content, allele, haplotype and genotype frequencies in 175 unrelated healthy individuals from Vojvodina who were KIR typed by polymerase chain reaction-sequence specific primers genotyping assay. The linkage disequilibrium (LD) was studied at the structural level (presence or absence of 16 KIR genes). Our results revealed that linkage disequilibrium is present between telomeric gene pairs KIR2DL1~KIR2DL4, KIR2DP1~KIR2DL4, KIR2DP1~KIR3DL1, KIR2DL1~KIR3DL2, KIR2DP1~KIR3DL2, KIR2DL4~KIR3DL1, KIR2DL4~KIR2DS4, KIR2DL4~KIR3DL2 where (r 2 =1), but positive association between KIR genes, with higher observed than expected haplotype frequencies were observed for KIR3DS1~KIR2DS1 and KIR2DL5~KIR2DS1 pair of genes (r 2 =0.646) and (r 2 =0.371), respectively. Thirty-eight different genotypes were identified, where 12% of the individuals have unique genotype, present in only one person. Our results will help to understand the genetic background of the Vojvodina population, in illustrating the population migration events in the northern part of Serbia, in explaining the extensive genetic admixture amongst the different ethnic groups of the region and also in KIR-related disease studies.
INTRODUCTION
Human natural killer (NK) cells are bone marrow-derived lymphocytes that share a common progenitor with T cells, do not express antigen-specific cell surface receptors and comprise 10-15% of all circulating lymphocytes. The cytolytic activity of human NK cells is modulated by the interaction of inhibitory and activatory membrane receptors, expressed on their surface, with MHC class I antigens expressed by host cells. The receptors belong to two distinct families, the C-type lectins-like group (CD94:NKG2) and the immunoglobulin-like super family consisting of the killer cell immunoglobulinlike receptors (KIR), leucocyte immunoglobulin-like receptors and the leucocyteassociated immunoglobulin-like receptors. Killer cell immunoglobulin-like receptors (KIRs) are the group of specifically recognized human major histocompatibility antigen molecule receptors expressed on the surface of NK cells and some of the T lymphocyte subsets (LIN et al., 2014; PYO et al., 2013; MIDDLETON et al., 2010; AUGUSTO et al., 2013 , SHILLING et al., 2002 VOJVODIĆ et al., 2014) . KIR genes are encoded by a cluster of homologous genes located on human chromosome 19q13.4 and classified according to the number of extracellular Ig-like domains as KIR2D or KIR3D and according to the cytoplasmic tail as L (long) or S (short) (AUGUSTO et al., 2012; AUGUSTO et al., 2013) . KIR diversity is observed as presence/absence of genes, resulting in expansion and contraction of KIR haplotypes (WENDE et al., 2000; MARTIN et al., 2003) and further diversity is provided by allelic variation of individual KIR genes. The polymorphism of genes in the KIR cluster may be assessed at two levels: the structural variation (also known as copy number variation, (CNV) of genes and the allelic variation of each gene. Linkage disequilibrium (LD), the feature of polymorphic genetic systems such as MNSs, Rh blood group systems and Human Leukocyte Antigen-HLA system (VOJVODIĆ 2000; VOJVODIĆ et al., 2001; VOJVODIĆ et al., 2007) is the nonrandom association of alleles at two or more neighbouring loci. Furthermore, because KIR genes are arrayed in tandem over more than 150 kb (MARTIN et al., 2008) , extensive LD implicates both gene content and allelic variation (SHILLING et al., 2002) . The aim of this study was to determine the frequency of KIR genes, haplotypes and genotypes in the population living in the Vojvodina province of Serbia. We also studied the linkage disequilibrium (LD) at the structural level and compare the data so obtained with those previously described in other studies.
MATERIALS AND METHODS

Population samples
One hundred and seventy five (175) unrelated healthy individuals from different geographical regions and members of different ethnic groups living in Vojvodina, who are 3-65 years old, 82 (46.5%) males and 93 (53.14%) females, were selected for this study. All the participants provided their written informed consent and the investigation was conducted in accordance with ethical research principles of the Local Ethics Committees' approval for the study. Genomic DNA was extracted by silica-based extraction method, using the QIAamp DNA Mini Kit (QIAGEN GmbH, Hilden, Germany) or the GeneJET Genomic DNA Purification Kit (Thermo Fisher Scientific Inc., Vilnius, Lithuania) from 200 µl of buffy-coat obtained from 3 ml of blood collected with EDTA. The quality and quantity of DNA samples were determined by UV spectrophotometry, and the concentration was adjusted to 50 ng/µL. The A260/A280 ratio of the DNA in the samples was from 1.8 to 2.0. The genomic DNA samples were stored at -20°C for later analysis.
KIR genotyping
The presence and absence of 16 distinct KIR genes was determined by sequencespecific priming-based polymerase chain reaction (SSP-PCR) typing system, using commercially available KIR-READY GENE SSP genotyping kit (INNO-TRAIN Diagnostik GmbH, Kronberg/Taunus, Germany). PCR-SSP was performed following the manufacturer's instructions. Briefly, 26 µl of DNA at a concentration of 25-100 ng/µl with ratio >1.7 was mixed with 84 µl of Ready PCR buffer, 2.2 µl of Taq Polymerase and 168 µl of distilled water. Ten µl of this mixture was used for each PCR reaction tube with sequence specific primers. The reaction was amplified by a Mastercycler (Eppendorf, Hamburg, Germany) PCR system under the thermal and time conditions recommended by the manufacturer, which started with a heating temperature of 96°C for 2 min, followed by 10 cycles of 15s at 96°C, 60s at 65°C and 20 cycles of 15s at 96°C, 50s at 61°C and 30s at 72°C. The PCR products were analyzed in 2% agarose gel stained with ethidium bromide. The DNA separation was performed at 200 volts for 20 minutes. The amplification was checked on a UV transilluminator and photographed. The typing was interpreted by a worksheet. Samples containing at least one of the KIR B loci including KIR2DL2, KIR2DL5, KIR2DS1, KIR2DS2, KIR2DS3, KIR2DS5 or KIR3DS1 were assigned to the Bx genotype, where x can be either an A or B haplotype. This is because of the difficulty, without family studies, of distinguishing in the presence of a B haplotype whether the other haplotype is A or B. Samples lacking all of the B loci were assigned to the AA genotype. As a consequence of these differences, the B haplotypes have more genes encoding activating KIR than A haplotypes.
Statistical analysis
The percentage of the individuals positive for KIR genes and genotypes was determined by direct counting. Gene frequencies (GF) were calculated using Bernstein's formula GF=1-√(1-F), where F corresponds to the frequency of carriers (PETLICHKOVSKI et al., 2015) . The linkage disequilibrium (LD) parameter D corresponds to the difference between the estimated two-loci haplotype frequencies and the haplotype frequencies expected at equilibrium and was calculated as described by (ELDON et al., 2008) . Another calculations of associations between pairs of gene loci was estimated by r 2 , the square of the correlation coefficient between two indicator variables -one representing the presence or absence of a particular allele at the first locus and the other representing the presence or absence of a particular allele at the second locus (VAN LIERE et al., 2008) . r 2 values ranges from r 2 = 0, where loci are in complete linkage equilibrium and r 2 = 1, where loci are in complete linkage disequilibrium.
RESULTS
The frequencies of KIR genes in 175 unrelated healthy individuals representing the population of Vojvodina are shown in Table 1 . The KIR3DL3 framework gene and the KIR3DP1 pseudogene were founded in the population of Vojvodiina with a frequency of 100%. The most frequent non-framework genes were KIR2DL1 and KIR2DP1 with a frequency of 97.7% and 96.6% and and KIR2DS4 and KIR3DL1 with a frequency of 92.5% and 92% respectively. The KIR2DS5 and KIR2DS3 activating KIR genes had the lowest frequency in the Vojvodina population (22.8% and 34.8%, respectively). The representation of KIR genotypes in 175 unrelated healthy Vojvodina individuals is shown in Figure 1 . We identified 38 different KIR genotypes in the Vojvodina population. All of the genotypes contained 8 to 16 KIR genes. The simplest KIR genotypes (number 10) included 8 KIR genes. The most complex genotype (number 7) is comprised of 16 KIR genes. The most frequent genotype (number 1), was occurred in 27.42% of the investigated individuals from Vojvodina population. This genotype bearing six inhibitory genes, one activating gene (KIR2DS4) and two pseudogenes was consistent with the AA genotype. Other analyzed individuals (72.58%) had more than one activating gene and thus were assigned as Bx genotypes (Figure 1) . In the present study, twenty one genotypes had a frequency of 0.05%.
The distribution of observed and expected KIR haplotype frequencies is presented in Figure 2 . The most common KIR haplotypes, with exlusion those that are composed of framework genes present in all individuals (KIR3DL3 and KIR3DP1), are KIR2DL1~KIR3DL2 with the frequency of 48,5% and KIR2DP1~KIR3DL2 as well as KIR2DL1~KIR2DL4, both present with the frequency of 47,7%, respectively. DISSCUSSION In this study, the presence of 14 KIR genes and 2 pseudogenes was evaluated in 175 individuals from the Vojvodina, the province in northern Serbia. The comparison of observed frequencies with that of other populations (KAMENARIĆ BUREK et al., 2013; DJULEJIĆ et al., 2010; PAVLOVA 2008; BONTADINI et al., 2006; BUBNOVA et al., 2008; DENIS et al., 2005; HIDAJAT et al., 2004; MIDDLETON et al., 2007; NIKITINA-ZAKE et al., 2004; SINGLE et al., 2007; UHRBERG et al., 2002) , proved to be consistent with those of the Caucasian populations. The frequencies of inhibitory KIRs (2DL1, 2DL3, 2DL4, 3DL1, 3DL2, 3DL3) , pseudogenes 2DP1 and 3DP1, and the activating KIR2DS4 were high in all Caucasians. The framework gene KIR3DL3 and the pseudogene KIR3DP1 were founded in all subjects, in contrast to other two framework genes KIR2DL4, which was absent in four individuals and KIR3DL2 gene, absent in only two examined individuals. Data from other analyzed populations revealed that framework genes are present in all individuals, with very few exceptions; the only published exceptions were the absence of KIR2DL4 in one CEPH (Centre d'Etude du Polymorphisme Humain) family member, one individual from the Bubi population on Bioko Island Equatorial Guinea, two individuals from South Asia and two family members in Northern Ireland (KAMENARIĆ BUREK et al., 2013) . Also, the absence of framework KIR3DL2 gene was described by other authors (KARLSEN et al., 2007; EWERTON et al., 2007; PEDROZA et al., 2011) . More than 493 different KIR genotypes have been described in the literature and found in 17,852 individuals from 146 populations (GONZALEZ- GALARZA et al., 2011) . The present study enabled us to define 38 different genotypes. The most frequent genotype found in 48 individuals (27.42%) was KIR2DL1, 2DL3, 2DL4, 2DS4, 3DL1, 3DL2, 3DL3, 2DP1, 3DP1, which corresponds to genotype group AA. Other frequent genotypes were KIR3DL3,2DS2, 2DL3, 2DL2, 2DL1, 2DP1, 3DP1, 2DL4, 3DL1, 2DS4, 3DL2, found in 27 individuals (15.42%), KIR3DL3, 2DS2, 2DL3, 2DL2, 2DL5, 2DS3, 2DL1, 2DP1, 3DP1, 2DL4, 3DL1, 2DS4, 3DL2, present in 17 individuals (9.71%) and KIR3DL3, 2DS2, 2DL3, 2DL2, 2DL5, 2DS3, 2DL1, 2DP1, 3DP1, 2DL4, 3DL1, 3DS1, 2DS1, 2DS4, 3DL2 , for which 12 individuals were positive (6.85%). Out of twenty one genotypes which occurred only once, 20 belong to the AB group and 1 is a part of the BB group (genotype number 24). Five individuals were founded to possess all 16 KIR genes known today (genotype number 7).
Linkage disequilibrium is the occurrence in a population of two linked alleles at a frequency higher or lower than expected on the basis of the gene frequencies of the individual genes. This phenomenon represents nonrandom association between two or more alleles such that certain combinations of alleles are more likely to occur together on a chromosome than other combinations of alleles (GOURRAUD et al., 2010; ROGERS et al., 2009; HARTL et al., 2007; VOJVODIĆ et al., 2012) . Often alleles at two or more loci, not necessarily on the same chromosome, can be associated in a non-random manner. Thus, certain sequences of alleles or genetic markers may often be occurring at a frequency, which is not expected if the pattern is random in nature. A quantitative measure of the degree of deviation of the frequencies from the state of randomness is often referred to as linkage disequilibrium (LD). In case the observed frequencies are equal to the expected frequencies the two locus in question are said to be in a state of linkage equilibrium (LE). There could be several factors which influence LD: 1. Genetic linkage and rate of recombination. 2. Mutation rate and natural selection. 3. Random drift or non-random mating. 4. Structure of a population, its growth and degree of admixture or migration patterns. (REICH et al., 2001; VOGEL et al. 1997; MC VEAN 2008) .
Gene conversion
Disequilibrium linkage is a characteristic of multiple polymorphic genetic systems such as HLA, Rh and MNSs blood group systems. Because HLA genes are located at adjacent loci on the particular region of the 6 th chromosome, and presumed to exhibit epistasis, (one gene interferes with or prevents the expression of another gene located at a different locus), with each other or with other genes, a sizable fraction of alleles are in linkage disequilibrium. An example of such linkage disequilibrium is between HLA-A*01 and B*08 alleles, A*03 and B*07 and other alleles across Major Histocompatibility complex. In MNS blood group ad Rh blood group systems, MM and SS alleles and NN and ss alleles as well as DCe alleles, appear together more frequently than other combinations of alleles (SVEJGAARD et al., 1979; VOGEL et al., 1997; VOJVODIĆ 2000; VOJVODIĆ et al., 2001; VOJVODIĆ et al., 2007; RUDMANN, 2005) . The amount of linkage disequilibrium depends on the difference between observed allelic frequencies and those expected from a homogenous, randomly distributed model. Populations where combinations of alleles or genotypes can be found in the expected proportions are said to be in linkage equilibrium. Measure of linkage disequilibrium (LD) or the degree to which alleles at two loci are associated is (D) disequilibrium linkage cofficient. The range of values the linkage disequilibrium coefficient can take on varies with allele frequencies. For biallelic markers, one of the most commonly used measures for LD is r 2 (HILL et al., 1968) , the square of the correlation coefficient between two indicator variables -one representing the presence or absence of a particular allele at the first locus and the other representing the presence or absence of a particular allele at the second locus.
The linkage disequilibrium analysis in the present study indicated that some pairs of KIR genes showed remarkable linkage disequilibrium: KIR3DS1~KIR2DS1 and KIR2DL5~KIR2DS1 pair of genes, where (r 2 =0.646) and (r 2 =0.371), respectively. The linkage disequilibrium values suggest that the Vojvodina population shares several general features with other Caucasoid populations studied before (GOURRAUD et al., 2010; VIERRA-GREEN et al., 2012) , but still distinguishes itself by the increased or decreased frequency of several KIR alleles. The possible factors which influenced obtained results of linkage disequilibrium in the examined sample population, could be the close phisical position of KIR3DS1~KIR2DS1 pair of genes at the telomeric part of the haplotype, analogous to multiple alleles, such as HLA alleles, that are arranged close together and are generally inherited enbloc as a "set" of alleles or haplotype (CHOO, 2007; MC CULLOUGH, 2011) . This set is known as a "haplotype" as linked loci. Among described factors causing disequilibrium linkage, high degree of admixture or migration patterns in the population of Vojvodina, which represents one of the most ethnically diverse regions in Europe, with 25 different ethnicities (2011 Census of Population, 2012 VOJVODIĆ et al., 2011) , could be the explanation for obtained results. CONCLUSION We conclude that the Vojvodina population has unique KIR gene frequency, genotype frequency and haplotype frequency distributions; there also appears to be positive disequilibrium linkage between some pairs of KIR genes in this population. This findings presented in this study could be used to estimate populational relationships, as the control data for KIR-disease investigations as well as useful tool in donor search strategy for the hematopoietic stem cell transplantation.
